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(54) Motor control for reducing high harmonic currents 



(57) A motor control apparatus comprises a funda- 
mental current control means (2) for controlling a funda- 
mental current in a 3-phase AC motor (M) in an orthog- 
onal coordinate system constituted of a d-axis and a q- 
axis rotating in synchronization with the rotation of the 
3-phase AC motor (M), a higher harmonic current con- 
trol means (3) for controlling a higher harmonic current 
in the motor (M) in an orthogonal coordinate system con- 



stituted of a dh-axis and a qh-axis rotating at a frequency 
that is an integral multiple of the frequency of the fun- 
damental component of the current flowing to the motor 
(M), an estimation means (35, 35A, 38) estimating the 
level of the harmonic speed electromotive force in the 
motor (M) in the dhqh-axis coordinate system and a 
compensation means (36) for compensates the har- 
monic speed electromotive force estimated by the esti- 
mation means. 
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Description 

[0001] The present invention relates to a motor control apparatus and motor control method, and more specifically, 
It relates to an apparatus of and method for controlling a motor to reduce the higher harmonic current flowing to a 
5 3-phase AC motor. 

[0002] The applicant of the present invention has proposed a motor control apparatus that reduces the higher har- 
monic current flowing to a 3-phase AC motor (Japanese Patent Application No. 2000-356117). This motor control 
apparatus includes a fundamental current control system that controls a fundamental current in a dq-axis orthogonal 
coordinate system rotating in synchronization with the rotation of the 3-phase AC motor and a higher harmonic current 
10 control system that controls a higher harmonic current in a dhqh-axis orthogonal coordinate system (a higher harmonic 
coordinate system) rotating at a frequency that is an integral multiple of the frequency of the fundamental component 
of the motor current. 

[0003] In a steady state, the fundamental current is a direct current and the higher harmonic current is an alternating 
current in the dq-axis coordinate system in this motor control apparatus. Accordingly, the higher harmonic current 
*5 manifesting as the alternating current quantity is extracted from the current in the dq-axis coordinate system by using 
a high pass filter and the extracted current is converted to a higher harmonic current in the dhqh-axis higher harmonic 
coordinate system so as to handle the higher harmonic current as the quantity of direct current. In addition, a Pi control 
circuit is employed in the higher harmonic current control system to realize higher harmonic current control with mini- 
mum control deviation. 

20 [0004] However, since the harmonic speed electromotive force in the dhqh-axis higher harmonic coordinate system 
poses a disturbance to the higher harmonic current control system, the higher harmonic current control system cannot 
achieve quick response simply by providing the PI control circuit in the higher harmonic current control system and, 
consequently, there is a problem in that the higher harmonic current cannot be reduced to a sufficient degree. 
[0005] It would be desirable to be able to reduce the higher harmonic current flowing to a 3-phase AC motor. 

25 [0006] The motor control apparatus according to the present invention comprises a fundamental current control 
means for controlling a fundamental current in a 3-phase AC motor in an orthogonal coordinate system constituted of 
a d-axis and a q-axis (hereafter referred to as a dq-axis coordinate system) rotating in synchronization with the rotation 
of the 3-phase AC motor, a higher harmonic current control means for controlling a higher harmonic current in the 
motor in an orthogonal coordinate system constituted of a dh axis and a qh axis (hereafter referred to as a dhqh-axis 

so coordinate system) rotating at a frequency that is an integral multiple of the frequency of the fundamental component 
of the current flowing to the motor, an estimation means for estimating the level of the harmonic speed electromotive 
force in the motor in the dhqh-axis coordinate system and a compensation means for compensating the harmonic 
speed electromotive force estimated by the estimation means. 

[0007] In the motor control method adopted in a motor control apparatus having a fundamental current control device 
35 that controls a fundamental current in a 3-phase AC motor in an orthogonal coordinate system constituted of a d-axis 
and a q-axis rotating in synchronization with the rotation of the 3-phase AC motor and a higher harmonic current control 
device that controls a higher harmonic current in the motor in an orthogonal coordinate system constituted of a dh-axis 
and a qh-axis rotating at a frequency that is an integral multiple of the frequency of a fundamental component of the 
current flowing to the motor, a harmonic speed electromotive force in the motor in the dhqh-axis coordinate system is 
*o estimated and the estimated harmonic speed electromotive force is compensated. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] 

45 

FIG. 1 illustrates the structure adopted in a first embodiment of the motor control apparatus according to the present 
invention; 

FIG. 2 shows in detail the structures adopted in the fundamental current control circuit and the higher harmonic 
current control circuit in the first embodiment; 
50 FIG. 3 presents the results of a simulation of the higher harmonic current control achieved in the first embodiment; 

FIG. 4 shows in detail the structures adopted in the fundamental current control circuit and the higher harmonic 
current control circuit in a second embodiment; 

FIG. 5 shows in detail the structures adopted in the fundamental current control circuit and the higher harmonic 
current control circuit in a third embodiment; 
55 FIG. 6 shows in detail the structure adopted in the disturbance observer in the third embodiment; and 

FIG. 7 presents the results of a simulation of the higher harmonic current control achieved in the third embodiment. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
First Embodiment 

[0009] FIG. 1 illustrates the structure adopted in the motor control apparatus in the first embodiment. The motor 
control apparatus in the embodiment implements vector control through which a torque control performance level 
comparable to that of control on a DC motor is achieved even when a 3-phase AC motor is used. It is to be noted that 
a motor M in the embodiment is a permanent magnet 3-phase synchronous motor. 

[0010] A torque control circuit 1 calculates a d-axis fundamental current command value id_cmd and a q-axis fun- 
damental current command value iq_cmd in a dq-axis coordinate system by using a current command value table (not 
shown) based upon a torque command value Te_cmd and an electrical rotation speed o> (to be detailed later) of the 
3-phase synchronous motor M. The dq-axis coordinate system is an orthogonal coordinate system constituted of a d- 
axis and a q-axis, rotating at an electrical rotation speed which is an integral multiple of the mechanical rotation speed 
of the 3-phase synchronous motor M. Thus, in conjunction with a 3-phase synchronous motor, the dq-axis coordinate 
system rotates in synchronization with the motor rotation. 

[001 1] A fundamental current control circuit 2 controls a fundamental current in the dq-axis coordinate system. While 
further details are to be provided later, the fundamental current control circuit 2 converts actual currents iu and iv in 
the 3-phase synchronous motor M to actual currents id and iq along the d-axis and the q-axis respectively and calculates 
fundamental voltage command values vu_tmp0, w_tmp0 and vq_tmpO to be used to match the d-axis actual current 
id and the q-axis actual current iq with the fundamental current command values id_cmd and iq_cmd respectively. 
[0012] A higher harmonic current control circuit 3 controls a higher harmonic current in a dhqh-axis higher harmonic 
coordinate system. The dhqh-axis higher harmonic coordinate system is an orthogonal coordinate system constituted 
of a dh-axis and a qh-axis, rotating at a frequency that is an integral multiple of the frequency of the fundamental 
components of the currents flowing to the 3-phase synchronous motor M. While further details are to be provided later, 
the higher harmonic current control circuit 3 extracts higher harmonic components idh and iqh in the dhqh-axis higher 
harmonic coordinate system from the d-axis actual current id and the q-axis actual current iq and calculates higher 
harmonic voltage command values vuh, wh and vwh to be used to match the dh-axis higher harmonic current idh and 
the qh-axis higher harmonic current iqh with higher harmonic current command values idh_cmd and iqh_cmd respec- 
tively. 

[0013] An adder 4 adds the higher harmonic voltage command values vuh, wh and vwh obtained at the higher 
harmonic current control circuit 3 respectively to the fundamental voltage command values vu_tmp0, w_tmp0 and 
vw_tmp0 obtained at the fundamental current control circuit 2, to calculate 3-phase AC voltage command values 
vu_tmp, w_tmp and vw_tmp. A power conversion circuit 5 is an invertor constituted of a power conversion element 
such as an IGBT The power conversion circuit 5 switches a DC voltage from a DC source (not shown) which may be 
a battery in conformance to the 3-phase voltage command values vu__tmp, w_tmp and vw_tmp to generate 3-phase 
AC voltages U, V and W and then applies the 3-phase AC voltages thus generated to the 3-phase AC motor M. 
[0014] An encoder PS, which is connected to the 3-phase synchronous motor M, detects the rotational position 0m 
of the motor M. A current sensor 6 detects the actual current iu at a U-phase and the actual current iv at a V-phase in 
the 3-phase synchronous motor M. A phase speed calculating circuit 7 calculates the electrical rotation speed (angular 
speed) o) which is an integral multiple of the mechanical rotation speed (angular speed) com of the 3-phase synchronous 
motor M and also calculates an electrical rotational phase 6, based upon a motor rotational position signal 6m provided 
by the encoder PS. It is to be noted that the electrical rotation speed (angular speed) a> indicates the frequency (angular 
frequency) of the AC currents flowing to the 3-phase synchronous motor M. 

[0015] FIG. 2 shows in detail the structures adopted in the fundamental current control circuit 2 and the higher har- 
monic current control circuit 3 in the first embodiment. In the first embodiment, a circuit for compensating the harmonic 
speed electromotive force at the motor M is added in conjunction with the fundamental current control circuit 2 and the 
higher harmonic current control circuit 3. The fundamental current control circuit 2 includes a 3-phase/dq conversion 
circuit 21 , a subtractor 22, a Pf-dq current control circuit 23, a non-interactive control circuit 24, an adder 25 and a dq/ 
3-phase conversion circuit 26. 

[001 6] The 3-phase/dq conversion circuit 21 converts the actual currents iu and ivf lowing in the 3-phase synchronous 
motor detected by the current sensor 6 to the d-axis actual current id and the q-axis actual current iq respectively. The 
subtractor 22 calculates the deviations (id_cmd - id, iq_cmd - iq) by subtracting the actual currents id and iq from the 
d-axis current command Value id__cmd and the q-axis current command value iq_cmd respectively. The Pl-dq current 
control circuit 23 calculates a d-axis voltage command value and a q-axis voltage command value by implementing a 
PI (proportional integral) control for the fundamental current deviations (id_cmd - id) and (iq_cmd - iq). 
[001 7] The non-interactive control circuit 24, which improves the response of the d-axis current and the q-axis current 
by compensating the speed electromotive force in the dq-axis coordinate system, calculates a d-axis compensating 
voltage vd_cmp and a q-axis compensating voltage vq_cmp for compensating the speed electromotive force in the 
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dq-axis coordinate system. The adder 25 adds the d-axis compensating voltage vd_cmp and the q-axis compensating 
voltage vq_cmp respectively to the d-axis voltage command value and the q-axis voltage command value output from 
the Pl-dq current control circuit 23, to calculate a d-axis voltage command value vd_cmd and a q-axis voltage command 
value vq_cmd. 

5 [0018] The dq/3-phase conversion circuit 26 converts the d-axis voltage command value vd__cmd and the q-axis 
voltage command value vq_cmd to the U-phase fundamental voltage command value vu_tmp0, the V-phase funda- 
mental voltage command value w_tmp0 and the W-phase fundamental voltage command value vwJmpO in a 3-phase 
AC coordinate system. 

[0019] The higher harmonic current control circuit 3 includes a high pass filter 31 , a dq/dhqh conversion circuit 32, 
10 a subtractor 33, a Pl-dhqh current control circuit 34, a harmonic speed electromotive force estimating circuit 35, an 
adder 36 and a dhqh/3-phase conversion circuit 37. 

[0020] The high pass filter 31 extracts the higher harmonic components of the current flowing to the motor M by 
filtering the d-axis actual current id and the q-axis current iq obtained at the 3-phase/dq conversion circuit 21 . The dq/ 
dhqh conversion circuit 32 converts the higher harmonic currents extracted by the high pass filter 31 to a dh-axis higher 

is harmonic current idh and a qh-axis higher harmonic current iqh. The subtractor 33 calculates the deviations (idh_cmd 
- idh) and (iqh_cmd - iqh) by subtracting the dh-axis higher harmonic current idh and the qh-axis higher harmonic 
current iqh from the dh-axis current command value idh_cmd and the qh-axis current command value iqh_cmd respec- 
tively. The Pl-dhqh current control circuit 34 calculates a dh-axis voltage command value and a qh-axis voltage com- 
mand value by implementing a PI (proportional integral) control for the higher harmonic current deviations (idh_cmd - 

20 idh) and (iqh_cmd - iqh). 

[0021] The harmonic speed electromotive force estimating circuit 35 calculates a dh-axis harmonic speed electro- 
motive force Kdhw and a qh-axis harmonic speed electromotive force Kqhw in order to improve the response of the 
dh-axis current and the qh-axis current by compensati ng the speed electromotive force in'the dhqh-axis higher harmonic 
coordinate system. The method to be adopted to calculate the dh-axis harmonic speed electromotive force Kdhw and 

25 the qh-axis harmonic speed electromotive force Kqhw is to be detailed later. The adder 36 adds the dh-axis harmonic 
speed electromotive force Kdhw and the qh-axis harmonic speed electromotive force Kqhw respectively to the dh-axis 
voltage command value and the qh-axis voltage command value output from the Pl-dhqh current control circuit 34 to 
calculate a dh-axis voltage command value vdh_cmd and a qh-axis voltage command value vqh_cmd. 
[0022] The dhqh/3-phase conversion circuit 37 converts the dh-axis voltage command value vdh_cmd and the qh- 

30 axis voltage command value vqh_cmd to the U-phase higher harmonic voltage command value vuh, the V-phase higher 
harmonic voltage command value wh and the W-phase higher harmonic voltage command value vwh in the 3-phase 
AC coordinate system. 

[0023] As described above, the adder 4 adds the fundamental voltage command values vu_tmpO, w_tmpO and 
vw_tmpO obtained at the fundamental current control circuit 2 respectively with the higher harmonic voltage command 
35 values vuh, wh and vwh obtained at the higher harmonic current control circuit 3 for the individual phases to calculate 
the 3-phase AC voltage command values vu_tmp, w_tmp and vw_tmp. 

[0024] Now, the method adopted to calculate the dh-axis harmonic speed electromotive force Kdhw and the qh-axis 
harmonic speed electromotive force Kqhw in the harmonic speed electromotive force estimating circuit 35 is explained. 
The higher harmonic component of the inductance which causes the harmonic speed electromotive force is constituted 
40 of the spatial harmonic components of the self inductances at the U phase, the V phase and the W phase, which are 
expressed as 3-phase AC circuit equations. The self inductances Lu, Lv and Lw at the U phase, the V phase and the 
W phase are expressed as in (1 ) below. 



In expression (1), LgO represents the DC component of the inductance in the 3-phase synchronous motor M, Ln (n = 
1,2,...) represents the AC component of the inductance in the motor M and 6 represents the electrical rotational phase 
of the motor M mentioned earlier. When n = 1 , the second term on the right side indicates the saliency of an I PM motor 
assuming a standard internally embedded magnet structure. The higher harmonic components in the self inductances 
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Lu, Lv and Lw at the individual phases when n ^ 2 poses as a possible cause for the generation of a harmonic speed 
electromotive force. 

[0025] If a higher harmonic component is contained in the magnetic flux of the permanent magnet in a permanent 
magnet synchronous motor, the higher harmonic component generates a harmonic speed electromotive force. A circuit 
equation for the dq-axis coordinate system when n = 2, 5, 8 .... obtained by taking into consideration these inductances 
of higher order and the higher harmonic component in the magnetic flux of the permanent magnet is as expressed in 
(2) below. 
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While expression (2) includes "n M representing a single element, the corresponding terms should be incorporated into 
expression (2) if there are elements of any other orders. In expression (2), vd and vq respectively represent the d-axis 
voltage and the q-axis voltage, R represents the winding resistance in the motor M and 0 represents the magnetic flux 
of the permanent magnet. In addition, edk represents the d-axis higher harmonic component in the speed electromotive 
force attributable to the magnetic flux of the permanent magnet and eqk represents the q-axis higher harmonic com- 
ponent in the speed electromotive force attributable to the magnetic flux of the permanent magnet. The term constituted 
of the product of o>, which is seen in the third column of expression (2), represents the harmonic speed electromotive 
force- attributable to the higher harmonic components in the inductances. 

[0026] A transformation matrix of the conversion from the dq-axis coordinate system to the dhqh-axis higher harmonic 
coordinate system is expressed as in (3) below. 



f cos0 h sin0 h 



cos& h 



Expression (3) is based upon the premise that eh = -(2n + 2) 6. 
45 [0027] Assuming that the higher harmonic components in the magnetic flux of the permanent magnet are expressed 
as in (4), the circuit equation in the dhqh-axis higher harmonic coordinate system is expressed as in (5) below. 



50 I =<M> " ! • . • (4) 
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In expression (4), 05 represents the higher harmonic component of the fifth order in the magnetic flux of the permanent 
*5 magnet. In expression (5), vdh and vqh represent the dh-axis voltage and the qh-axis voltage respectively. In addition, 
edO and eqO represent speed electromotive forces obtained by converting the fundamental component o>0 of the speed 
electromotive force attributable to the magnetic flux of the permanent magnet in the dq-axis coordinate system to 
values in the dhqh-axis coordinate system, edh and eqh represent harmonic speed electromotive forces obtained by 
converting the harmonic speed electromotive forces edk and eqk attributable to the magnetic flux of the permanent 
20 magnet in the dq-axis coordinate system to values in the dhqh-axis coordinate system, edh and eqh can be expressed 
as in (6) below when the higher harmonic components of the magnetic flux of the permanent magnet are expressed 
as in (4). 



fcM-J 



(6) 



30 [0028] When the conversion from the dq-axis coordinate system to the dhqh-axis higher harmonic coordinate system 
is performed, the dq-axis values can be converted to values in a coordinate system corresponding to the rotation of 
any higher harmonic current component among the higher harmonic current components contained in the motor current. 
When the largest higher harmonic current contained in the motor current is controlled, for instance, the term of the 
harmonic speed electromotive force constituting the cause for the generation of the higher harmonic current, too, is 

35 expressed as a direct current quantity. 

[0029] The terms that include the speed o> appearing in the first and second columns and edO and eqO in the first 
column in expression (5) are compensated through standard non-interactive control implemented in the dq-axis coor- 
dinate system. This leaves the term constituted of the higher harmonic components in the magnetic flux of the magnet 
in the first column and the term constituted of the motor inductance higher harmonic components in the third column, 

40 both representing harmonic speed electromotive forces, which slow down the current control response in the dhqh- 
axis higher harmonic coordinate system. 

[0030] Accordingly, the harmonic speed electromotive force estimating circuit 35 ascertains a dh-axis component 
eLdh and a qh-axis component eLqh of the harmonic speed electromotive force attributable to the higher harmonic 
components in the inductances in the motor M based upon expression (5). The harmonic speed electromotive forces 
4 5 eLdh and eLqh attributable to the motor inductance higher harmonic components can be calculated as in (7) below 
based upon the order n of the motor inductance and the values of the components of that order (the motor inductance 
higher harmonic component), the d-axis fundamental current id and the q-axis fundamental current iq that have been 
detected and the electrical rotation speed <o of the motor M. 



e£ <ft =-(2« + l)i^ 
eI, A =-(2n + l)^ 



[0031] It goes without saying that since the motor inductance also changes in correspondence to the motor current 
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value, Ln may be handled as a variable instead of a constant by referencing a table prepared in advance for an ap- 
propriate value or by expressing Ln as a function of the current. 

[0032] In addition, the harmonic speed electromotive forces edh and eqh attributable to the higher harmonic com- 
ponent in the magnetic flux of the permanent magnet are expressed as in (6) as explained earlier. The estimated 
s harmonic speed electromotive force values Kdhw and Kqhw, respectively representing the sums of the harmonic speed 
electromotive forces edh and eqh attributable to the higher harmonic components in the magnetic flux of the permanent 
magnet expressed in (6) and the harmonic speed electromotive forces eLdh and eLqh attributable to the higher har- 
monic components in the motor inductances expressed in (7), are calculated through the formulae in (8) below. 

10 

Kdhw = edh + eLdh 



Kqhw = eqh + eLqh (8) 

15 

The adder 36 shown in FIG. 2 adds harmonic speed electromotive force values Kdhw and Kqhw thus calculated to the 
output obtained by implementing the PI control on the dh-axis higher harmonic current and the qh-axis higher harmonic 
current, i.e., the output from the Pl-dhqh current control circuit 34, to calculate the dh-axis voltage command value 
vdh_cmd and the qh-axis voltage command value vqh_cmd through the formulae in (9) below. 
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[0033] In expression (9), Kpdh, Kpqh, Kidh and Kiqh each represent a constant used in the PI (proportional integral) 
operation control in the Pl-dhqh current control circuit 34. Namely, Kpdh and Kpqh are the proportional constants along 
the dh-axis and the qh-axis respectively, whereas Kidh and Kiqh are the integral constants along the dh-axis and the 
qh-axis respectively. It is to be noted that by calculating (2n + t) Ln 12 in expression (7) in advance and providing it 

35 as a constant, the volume of the arithmetic operation can be reduced. 

[0034] In the formulae in expression (9), both the harmonic speed electromotive forces attributable to the higher 
harmonic component in the magnetic flux of the permanent magnet and the harmonic speed electromotive forces 
attributable to the motor inductances higher harmonic components are estimated. However, if the effect of the harmonic 
speed electromotive forces attributable to the motor inductances higher harmonic components is insignificant but the 

40 harmonic speed electromotive forces attributable to the higher harmonic components in the magnetic flux of the per- 
manent magnet is significant, only the harmonic speed electromotive forces attributable to the higher harmonic com- 
ponents in the magnetic flux of the permanent magnet expressed in (6) needs to be compensated. If, on the other 
hand, the effect of the harmonic speed electromotive forces attributable to the higher harmonic components in the 
magnetic flux of the permanent magnet is not significant but harmonic speed electromotive forces attributable to the 

45 motor inductance higher harmonic component is significant, only the harmonic speed electromotive forces attributable 
to the motor inductance higher harmonic component expressed in (7) needs to be compensated. In either of these 
cases, the harmonic speed electromotive force can be effectively compensated through a simple structure. 
[0035] FIG. 3 presents the results of a simulation of the higher harmonic current control achieved in the embodiment. 
The results presented in FIG. 3 were obtained through a simulation conducted by implementing control of higher har- 

50 monic currents of the fifth order, i.e., by setting the current command values for the higher harmonic currents of the 
fifth order to 0. A comparison of the higher harmonic current control in the related art implemented without any harmonic 
speed electromotive force compensation and the higher harmonic current control achieved in the first embodiment by 
compensating the harmonic speed electromotive force reveals that compared to the control implemented in the related 
art, the control in the first embodiment greatly reduces the length of time elapsing between the control start and control 

55 convergence. In other words, by utilizing the motor control apparatus in the first embodiment, higher harmonic current 
control with quick response is realized and a highly efficient motor current control system can be realized through 
accurate control of the higher harmonic currents. 

[0036] In the motor control apparatus in the first embodiment having the fundamental current control circuit 2 that 
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controls the fundamental currents in the motor M in the dq-axis coordinate system rotating in synchronization with the 
rotation of the 3-phase synchronous motor M and the higher harmonic current control circuit 3 that controls the higher 
harmonic currents in the motor M in the dhqh-axis higher harmonic coordinate system rotating at a frequency that is 
an integral multiple of the frequency of the fundamental components of the currents flowing through the 3-phase syn- 

s chronous motor M, the harmonic speed electromotive forces in the motor M in the dhqh-axis higher harmonic coordinate 
system is estimated and the estimated harmonic speed electromotive forces are compensated. In other words, since 
the compensation is achieved by adding the estimated harmonic speed electromotive force values to the higher har- 
monic voltage command values used to set the higher harmonic currents in the dhqh-axis coordinate system to 0, the 
harmonic speed electromotive forces which cause a disturbance to the higher harmonic current control is compensated 

10 to improve the response of the higher harmonic current control system and, as a result, more efficient and higher 
performance drive control of the 3-phase synchronous motor M is realized by reducing the higher harmonic currents. 
[0037] It is to be noted that in the first embodiment, the higher harmonic voltage command values vdh_cmd and 
vqh_cmd in the dhqh-axis higher harmonic coordinate system are first converted to the voltage command values vuh, 
wh and vwh in the 3-phase AC coordinate system and then the voltage command values vu_tmp, w_tmp and vw_tmp 

« in the 3-phase AC coordinate system are calculated by adding the voltage command values vu_tmpO, w_tmpO and 
vw_tmpO output from the fundamental current control circuit 2 to the voltage command values vuh, wh and vwh. 
However, the voltage command values vujmp, w__tmp and vw_tmp in the 3-phase AC coordinate system may instead 
be calculated through dq/3-phase conversion after adding the higher harmonic voltage command values vdh_cmd and 
vqh_cmd in the dhqh-axis higher harmonic coordinate system to the fundamental voltage command values vd_cmd 

20 and vq_cmd in the dq-axis coordinate system. Alternatively, the higher harmonic voltage command values vdh_cmd 
and vqh_cmd in the dhqh-axis higher harmonic coordinate system may first be converted to higher harmonic voltage 
command values in an a0 axis coordinate system, the converted command values may be added with an a-axis fun- 
damental voltage command value and a (3-axis fundamental voltage command value and the sums may be converted 
to values in the 3-phase AC coordinate system to calculate 3-phase AC voltage command values. 

25 

Second Embodiment 

[0038] FIG. 4 shows in detail the structures assumed in the fundamental current control circuit 2 and a higher har- 
monic current control circuit 3A in the second embodiment. It is to be noted that since the overall structure of the motor 

30 control apparatus achieved in the second embodiment is similar to the structure shown in FIG. 1 , its illustration and 
explanation are omitted. In addition, the same reference numerals are assigned to components similar to those in FIG. 
2 to focus on an explanation of the features that differentiate the second embodiment. While the d-axis actual current 
id and the q-axis actual current iq are input to the harmonic speed electromotive force estimating circuit 35 in the first 
embodiment, the d-axis current command value id_cmd and the q-axis current command value iq_cmd are input to 

35 the harmonic speed electromotive force estimating circuit 35A in the second embodiment. 

[0039] By using the current command values id_cmd and iq_cmd instead of the d-axis actual current id and the q- 
axis actual current iq, the adverse effect of noise and the like contained in the actual currents id and iq detected by the 
current sensor 6 is eliminated. Namely, the harmonic speed electromotive forces eLdh and eLqh attributable to the 
higher harmonic components in the inductances can be estimated with a higher degree of accuracy. In addition, since 

40 an arithmetic operation is performed to estimate the harmonic speed electromotive force values Kdhwand Kqhw during 
each cycle of the arithmetic operation executed to calculate the current command values id_cmd and iq_cmd, the cycle 
of the arithmetic operation for estimating the harmonic speed electromotive forces becomes longer than the cycle of 
the current control. As a result, the harmonic speed electromotive force values Kdhw and Kqhw can be estimated 
without having to increase the volume of the arithmetic operation performed in the current control cycle. 

45 

Third Embodiment 

[0040] FIG. 5 shows in detail the structures assumed in the fundamental current control circuit 2 and a higher har- 
monic current control circuit 3B in.the third embodiment. It is to be noted that since the overall structure of the motor 

so control apparatus achieved in the third embodiment is similar to the structure shown in FIG. 1, its illustration and 
explanation are omitted. In addition, the same reference numerals are assigned to components similar to those in FIG. 
2 to focus on an explanation of the features that differentiate the third embodiment. In the first embodiment explained 
earlier, the harmonic speed electromotive force estimating circuit 35 is employed to estimate the harmonic speed 
electromotive force values Kdhw and Kqhw. In the third embodiment, a disturbance observer 38 is employed in place 

55 of the harmonic speed electromotive force estimating circuit 35 to estimate the harmonic speed electromotive force 
values Kdhw and Kqhw. 

[0041] FIG. 6 shows the structure adopted in the disturbance observer 38. The dh-axis higher harmonic current idh 
and the qh-axis higher harmonic current iqh, the dh-axis higher harmonic voltage command value vdh_cmd and the 
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qh-axis higher harmonic voltage command value vqh_cmd are Input to the disturbance observer 38. Inverse systems 
38a and 38b of the plant (the control target, i.e., the 3-phase synchronous motor M) to be used in the disturbance 
observer 38 are achieved through approximation based upon the resistance R and the inductance LgO of the motor M 
representing the typical characteristics in the circuit equation (5). Afterthe subtractors 38c and 38d respectively subtract 
the values obtained at the plant inverse systems 38a and 38b from dh-axis higher harmonic voltage command value 
vdh_cmd and the qh-axis higher harmonic voltage command value vqh_cmd, the adverse effect of noise is reduced 
through filters 38e and 38f. As a result, harmonic speed electromotive force values Kdhw and Kqhw which vary at a 
lower frequency compared to the cut-off frequency at the filters 38e and 38f can be obtained through the arithmetic 
operation . 

[0042] It is to be noted that while primary low pass filters are used as the filters 38e and 38f in the third embodiment, 
secondary low pass filters may be utilized instead. In addition, Instead of performing approximation by using the re- 
sistance R and the inductance LgO of the motor M to achieve the inverse systems of the plant, the plant characteristics 
may be determined in conformance to the frequency characteristics of the motor M. 

[0043] By adding the harmonic speed electromotive force values Kdhw and Kqhw estimated by the disturbance 
observer 38 to the dh-axis higher harmonic voltage command value and the qh-axis higher harmonic voltage command 
value output by the Pl-dhqh current control circuit 34, the adverse effect of the harmonic speed electromotive force 
can be reduced. In the third embodiment, the harmonic speed electromotive force can be estimated and compensated 
even when the higher harmonic components of the motor inductances are not known or when they change, or even 
when the higher harmonic component in the magnetic flux of the permanent magnet are not known. 
[0044] FIG. 7 presents the results of a simulation of the higher harmonic current control achieved in the third em- 
bodiment. FIG. 7 shows the results of a simulation of control implemented on a fifth-order higher harmonic current 
contained in the motor current. The fifth-order higher harmonic current command value is set to 0. While the point in 
time at which convergence occurs varies in correspondence to the pole a>c of the disturbance observer 38, acomparison 
of the higher harmonic current control in the related art implemented without compensating the harmonic speed elec- 
tromotive force and the higher harmonic current control achieved in the third embodiment by compensating the har- 
monic speed electromotive force reveals that the third embodiment realizes quicker response compared to the prior 
art. It is to be noted that instead of a disturbance observer adopting the structure described above, which is employed 
in the third embodiment, an identity observer achieved based upon an equation of state or a finite setting time observer 
may be utilized. 

[0045] The above described embodiments are examples, and various modifications can be made without departing 
from the spirit and scope of the invention. While a permanent magnet 3-phase synchronous motor is used in the 
explanation of the embodiments given above, the type of motor is not limited to that of the embodiments and a 3-phase 
inductive motor, for instance, may be used instead. 



Claims 

1. A motor control apparatus, comprising: 

a fundamental current control means (2) for controlling a fundamental current in a 3-phase AC motor (M) in 
an orthogonal coordinate system constituted of a d-axis and a q-axis (hereafter referred to as a dq-axis coor- 
dinate system) rotating in synchronization with the rotation of the 3-phase AC motor (M); 
a higher harmonic current control means (3) for controlling a higher harmonic current in the motor (M) in an 
orthogonal coordinate system constituted of a dh-axis and a qh-axis (hereafter referred to as a dhqh-axis 
coordinate system) rotating at a frequency that is an integral multiple of the frequency of a fundamental com- 
ponent of the current flowing to the motor (M); 

an estimation means (35, 35A, 38) for estimating the harmonic speed electromotive force in the motor (M) in 
the dhqh-axis coordinate system; and 

a compensation means (36) for compensating the harmonic speed electromotive force estimated by the esti- 
mation means. 

2. A motor control apparatus according to claim 1 , wherein: 

the higher harmonic current control means (3) outputs a higher harmonic voltage command value to be used 
to set the higher harmonic current in the dhqh-axis coordinate system to 0; and 

the compensation means (36) compensates the harmonic speed electromotive force by adding the estimated 
value for the harmonic speed electromotive force to the higher harmonic voltage command value. 
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3. A motor control apparatus according to claim 1 , wherein: 

the estimation means (35, 35A, 38) estimates a harmonic speed electromotive force attributable to a higher 
harmonic component in an inductance of the motor (M). 

5 

4. Amotor control apparatus according to claim 1 , wherein: 

the 3-phase AC motor (M) is a permanent magnet synchronous motor; and 

the estimation means (35, 35A, 38) estimates a harmonic speed electromotive force attributable to a higher 
10 harmonic component in the magnetic flux of the permanent magnet in the motor (M). 

5. Amotor control apparatus according to claim 1 , wherein: 
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the 3-phase AC motor (M) is a permanent magnet synchronous motor; and 

the estimation means (35, 35A, 38) estimates a harmonic speed electromotive force attributable to a higher 
harmonic component in the magnetic flux of the permanent magnet in the motor (M) and a higher harmonic 
component in an inductance of the motor (M). 

6. A motor control apparatus according to claim 3, wherein: 

the estimation means (35, 35A, 38) estimates the harmonic speed electromotive force attributable to the in- 
ductance of the motor (M) based upon a fundamental current command value of the motor (M) in the dq-axis 
coordinate system, an electrical rotation speed of the motor (M) and the higher harmonic component in the 
inductance. 



7. A motor control apparatus according to claim 3, wherein: 

the estimation means (35, 35A, 38) estimates the harmonic speed electromotive force attributable to the in- 
ductance of the motor (M) based upon a d-axis fundamental current and a q-axis fundamental current in the 
30 motor (M), an electrical rotation speed of the motor (M) and the higher harmonic component in the inductance. 

8. A motor control apparatus according to claim 4, wherein: 

the estimation means (35, 35A, 38) estimates the harmonic speed electromotive force attributable to the higher 
harmonic component in the magnetic flux of the permanent magnet in the motor (M) based upon the higher 
harmonic component in the magnetic flux of the permanent magnet in the motor (M) and an electrical rotation 
speed of the motor (M) . 

9. A motor control apparatus according to claim 1 , wherein: 

the estimation means (35, 35A, 38) is a disturbance observer constituted by using a resistance of the motor 
(M) and a fundamental component of inductances in the motor (M) as a parameter. 

10. A motor control method adopted in a motor control apparatus having a fundamental current control device (2) that 
controls a fundamental current in a 3-phase AC motor (M) in an orthogonal coordinate system constituted of a d- 
axis and a q-axis rotating in synchronization with the rotation of the 3-phase AC motor (M) and a higher harmonic 
current control device (3) that controls a higher harmonic current in the motor (M) in an orthogonal coordinate 
system constituted of a dh-axis and a qh-axis (hereafter referred to as a dhqh-axis coordinate system) rotating at 
a frequency that is an integral multiple of the frequency of a fundamental component of the current flowing to the 

so motor (M), comprising: 

estimating a harmonic speed electromotive force in the motor (M) in the dhqh-axis coordinate system; and 
compensating the estimated harmonic speed electromotive force. 

55 
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(54) Motor control for reducing high harmonic currents 



(57) A motor control apparatus comprises a funda- 
mental current control means (2) for controlling a funda- 
mental current in a 3-phase AC motor (M) in an orthog- 
onal coordinate system constituted of a d-axis and a q- 
axis rotating in synchronization with the rotation of the 
3-phase AC motor (M), a higher harmonic current con- 
trol means (3) for controlling a higher harmonic current 
in the motor (M) in an orthogonal coordinate system con- 



stituted of a dh-axis and a qh-axis rotating at a frequency 
that is an integral multiple of the frequency of the fun- 
damental component of the current flowing to the motor 
(M), an estimation means (35, 35A, 38) estimating the 
level of the harmonic speed electromotive force in the 
motor (M) in the dhqh-axis coordinate system and a 
compensation means (36) for compensates the har- 
monic speed electromotive force estimated by the esti- 
mation means. 
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